Promoting excellence in undergraduate STEM (science, technology, engineering, and mathematics) 
Promoting excellence in undergraduate STEM (science, technology, engineering, and mathematics) education at major research universities is necessary to ensure that we have the STEM-literate workforce and general population required to propel the nation forward into the twenty-first century and beyond. This essay provides a brief contextual history of the Association of American Universities' (AAU) effort to improve the effectiveness of undergraduate STEM education at member campuses and delineates the specific goals of this initiative. The essay then illuminates the essential role of the academic department and department chair in achieving long-lasting change and improving the quality of undergraduate education. It also discusses critical strategies and approaches for promoting the most effective methods for undergraduate STEM teaching and learning, with numerous examples from AAU member universities. The essay concludes with an acknowledgment of key challenges and opportunities that continue to face undergraduate education at research universities.
I n the late 2000s, Association of American Universities (AAU) staff recognized that its member institutions were vulnerable to criticisms concerning the quality of undergraduate STEM (science, technology, engineering, and mathematics) teaching, learning, and retention, such as those raised in the 1998 Boyer Commission Report on educating undergraduates in the research university. 1 At the same time, the rise of MOOCs (massive open online courses), growing calls for higher education accountability at the state and federal level, and mounting pressures to justify the cost and value of an undergraduate degree at a research university were topics of growing discussion among the AAU membership. Following reports such as Rising Above the Gathering Storm by the National Academy of Sciences, a significant degree of national attention was also placed on the need to improve STEM education to ensure that an adequate pipeline of domestic STEM talent was being produced to generate the ideas, products, and industries that would drive future U.S. global competitiveness. 2 It was also well documented at the time that over 40 percent of students who entered research universities intending to major in a STEM field did not complete their degrees or ended up earning degrees in non-STEM disciplines. 3 During this same time period, research on teaching and learning had also led to the development of instructional methods that were more engaging and effective at helping students learn. The positive impact of these improved teaching methods had been extensively documented in STEM fields and was summarized in reports issued in 2010 by both the National Academy of Sciences and the President's Council of Advisors on Science and Technology. 4 A comprehensive meta-analysis of 225 studies revealed that undergraduate students in classes with traditional lectures are 1.5 times more likely to fail than students in classes that use active learning methods. 5 Evidence was also emerging (and now is firmly established) demonstrating that learning gains from using these teaching approaches in highly structured classrooms are particularly good for students from disadvantaged and diverse backgrounds. 6 Active learning also has been shown to confer disproportionate benefits to female students in male-dominated fields. 7 Reflecting on undergraduate STEM education from 2009 to 2012, the AAU found that most university efforts to support student success in STEM fields occurred outside the classroom, and that a majority of STEM faculty members remained inattentive to scholarship on effective pedagogy. Student-centered, evidence-based teaching practices were not yet the norm in most undergraduate STEM education courses, and the desired magnitude of change in STEM pedagogy had not materialized. 8 Most scholarship on STEM educational reform has focused on individual faculty members and the students in their classrooms. This literature often centers on microlevel assessments of the classroom, which are crucial to assessing the effect of pedagogy on student learning and informing the broad audience of instructors about what works. Much less evident is research about the larger institutional and external environments, including the costs and political challenges in scaling up reforms. 9 Concern about more macrolevel environments requires a change in assessment from looking solely for benefits and learning outcomes at the course or program level to a more nuanced consideration of factors that facilitate, impede, or influence widespread transformation in undergraduate STEM education.
Education scholar Ann Austin has recommended that sustainable STEM reform requires engaging institutional leaders such as department chairs,
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Mary Sue Coleman, Tobin L. Smith & Emily R. Miller deans, and presidents in rethinking institutional structures and culture. 10 Relying on her well-documented systems approach to change, Austin has also suggested that external stakeholders, such as disciplinary societies, government agencies, and employers, are crucial to long-lasting change. 11 Transforming undergraduate STEM education requires multiple facilitators or "levers" pushing for change that can counterbalance the forces that sustain ineffective instructional practices and that address the systemic obstacles that work against educational innovation and reform. 12 In 2011, the AAU launched the Undergraduate STEM Education Initiative, which was designed to assist AAU institutions in widely implementing effective teaching practices in STEM education and supporting student learning and persistence in STEM. This ambitious project has sought to increase the importance and value of effective undergraduate STEM teaching in the nation's leading research universities and continues to promote the implementation of a systemic view of educational reform within academia. 13 Since its launch, the initiative has made significant progress in advancing these goals. At the institutional level, although many of the interventions are still in progress, initial data and analyses point toward their positive impact. Of the eight initial AAU STEM Initiative project sites, all have reported some improvement in student learning outcomes. The magnitude and significance have varied according to the different stages of the reform process across the institutions and departments. Several campuses have experienced dramatic reductions in achievement gaps, especially for women, underrepresented minorities, and first-generation students. Reports of decreased DFW (D grades, F grades, and withdrawals from a course) rates are common, as is increased student persistence and success in subsequent courses as measured by grade performance. AAU project sites also found improved performance on exams designed and sponsored by disciplinary societies to assess knowledge of core disciplinary concepts (that is, concept inventories). Some campuses also have tracked the effects of instructional interventions on more general psychological factors, such as self-efficacy, metacognition, and student attitudes toward science. 14 However, evidence alone is not enough to change faculty behavior. As AAU principal investigator James Fairweather has explained, "research evidence of instructional effectiveness is a necessary but not sufficient condition" for faculty to change their teaching practices. Fairweather has suggested that the assumption that "the instructional role can be addressed independently from other aspects of the faculty position, particularly research, and from the larger institutional context" is misguided. 15 Given the size and scale of higher education, changing individual faculty members or even isolated departments will have minimal impact. To achieve long-lasting and broadly disseminated educational reforms, efforts must go well beyond this microlevel focus.
As such, AAU member campuses are implementing specific strategies to catalyze change, partner with academic departments, and support faculty members to improve the effectiveness of undergraduate education. Moreover, two cross-cutting resources-data and funding-are being committed to advancing these strategies. Before describing these approaches, it is important to discuss the academic department and its role in facilitating long-term sustained change. The department is the location where these strategies obtain buy-in and commitment, as well as connect with faculty members in the university. I n 2017, the American Academy of Arts and Sciences' Commission on the Future of Undergraduate Education published a report that examined the current state of American undergraduate education, projected the nation's short-term and long-term educational needs, and offered recommendations for strengthening all aspects of undergraduate education. 16 One of the primary recommendations of the Commission is for institutions to make a systemic commitment to the improvement of undergraduate teaching. According to the Commission, strengthening college teaching will require institutional collaboration with academic departments. In a supplemental report, the Commission recommended that institutions provide sustained support for department chairs to enable them to become more knowledgeable about the research base on effective college teaching and help them create teaching improvements in their home departments. 17 From its inception over six years ago, the AAU's Undergraduate STEM Education Initiative has recognized that academic departments are the primary loci for cultural change and that academic units and colleges are central to improving the quality of undergraduate education. Institutions rely on individual academic departments to coordinate and manage the academic process. 18 Departments determine course offerings, curricula, and teaching assignments; appoint and promote teaching and administrative staff; and manage essential services for faculty members and students. Moreover, faculty members typically identify more strongly with their departments than with their university as a whole because their identities are most closely tied to their academic disciplines and because academic work is primarily carried out in separate department-based worlds. 19 Thus, the department is the primary unit in which faculty members see themselves as having the greatest influence, and the space in which they can create desired change. 20 The department chair plays a significant leadership role at a university. In addition to leading their departments, chairs also situate their departments within institutional context and priorities: they lie at a pivotal junction between the administration and the faculty, maintaining the department as well as meeting the needs of the institution. 21 The chair is a linchpin that connects institutional priorities and faculty work by translating messages from senior institutional leaders, and interpreting questions, issues, and concerns expressed by faculty members. 22 Department chairs have meaningful, ongoing interactions with faculty members, students, and other department chairs. They advocate within the university for the interests of those engaged in their particular fields. 23 Department chairs can help create cultures in their units where teaching excellence is valued and rewarded. 24 Overall, the work of department chairs has an immediate and lasting impact: their actions affect the daily experience of faculty members, staff, and students. Research has shown that department chairs are responsible for 80 percent of administrative decisions on campuses. 25 Consistent with the importance of department chairs in reforming undergraduate STEM education, the AAU convened teams of department chairs from member campuses in 2015 and 2018. During these workshops, the AAU discussed the evidence of improved learning gains and STEM-major retention in classes using engaged and structured teaching methods. The chairs then discussed topics such as creating inclusive and welcoming classroom environments, using data to inform and assess curricular innovations, introducing practices to evaluate and reward teaching effectiveness, and developing productive partnerships between academic departments and centers for teaching and learning. By engaging STEM department chairs in these critical teaching and learning issues, the AAU has worked to increase the magnitude and speed of change in the quality and effectiveness of undergraduate STEM education at research universities.
T he AAU Undergraduate STEM Education Initiative has found that departments taking collective responsibility for improving the effectiveness of their foundational courses are the ones most likely to emphasize evidence-based active-learning strategies. Collective responsibility is related to developing a uniform departmental vision of educational improvement among faculty members and implementing strategies necessary to support a cycle of continuous improvement.
The AAU has observed six key drivers for the continuous improvement of undergraduate STEM teaching and learning.
Embedding discipline-based education and pedagogical expertise in departments to assist in educational improvement. To improve introductory foundational STEM courses, many AAU institutions are investing in faculty members who have Achieving Sustained Improvement in the Quality of Undergraduate STEM Education subject matter expertise, a deep understanding of effective pedagogy, and experience in using evidence-based teaching practices. Crucial to the effective use of these personnel is finding ways to incorporate them in departmental decision-making about teaching and curricula.
These education-based faculty appointments vary widely across institutions. Some are discipline-based education researchers hired in tenure-track faculty lines. Others are faculty members in lecture positions aligned with a promotion track, which provides some level of employment security. Some are postdocs who provide expert pedagogical guidance to faculty members. Appointments vary by title, tenure-track status, teaching load, research expectations, performance expectations, and promotional level. 26 The role and responsibility to advance institutional, college-wide, or department-based educational improvement efforts by faculty members in these positions is a function of hiring expectations and the acceptance by departments and institutions of their contributions to improving undergraduate education.
Embedding faculty with disciplinary and educational expertise in departments can assist in department-wide educational improvement, including the design and teaching of foundational courses. When linked with colleagues across departments, these individuals can also assist in achieving broader, institution-wide, systemic STEM teaching reforms. Although many of these faculty members exclusively teach (especially introductory courses), when given the opportunity, they are quite effective as change agents, leading refinements in course curriculum and assessments, helping tenure-track faculty teach these introductory courses more effectively, conducting educational research and assessments, and linking their academic department to other university teaching and learning units. These broader departmental reforms are more difficult to achieve if these newer types of faculty members are not given time to engage in nonteaching activities. Acceptance and support from departmental leadership and tenure-track faculty members of individuals with instructional expertise are essential to make maximum use of their expertise to promote long-lasting reforms in teaching and learning.
A number of AAU institutions are testing an adaptation of an expert-guided course-transformation process. For example, TRESTLE (Transforming Education, Stimulating Teaching and Learning Excellence) is a multi-institution, National Science Foundation-funded project that studies and implements a model for improving STEM education at public research universities. The embedded pedagogical experts lead their department colleagues through department planning and course transformation using a backward mapping design process consistent with improvement science. This process is complemented by a curriculum-mapping step to promote a sense of shared ownership of courses and curricula and to generate a common vision. In addition, TRESTLE is building intellectual communities around evidence-based educational improvement, within and across departments and institutions. It is also collecting and making visible evidence of the impact of reforms on teaching and learning.
Creating inclusive and welcoming classroom environments. Unstructured learning environments can lead to unfairness, feelings of exclusion, and collisions of students' cultural backgrounds with the learning environment. In a structured learning environment, the instructor designs classroom interactions with the intention of maximizing student learning. 27 Adding structure to learning environments can mitigate unfairness, promote feelings of inclusion, and foster student success. 28 At some institutions, faculty members are participating in mentee-mentor coteaching teams to implement inclusive, evidence-based teaching methods designed to close achievement gaps in foundational science courses. Inclusive teaching has two main components: putting more structure into a course by giving clear instructions so that all students know what to do before, during, and after class; and facilitating class discussion so that everyone can participate.
Another effective strategy to create inclusive learning environments is to partner with undergraduate students. Undergraduate learning assistants (ULA) are undergraduate students who have done well in the class previously. They help facilitate learning activities during instructional time. Frequently, ULAs support instructors making extensive use of innovative, evidence-based pedagogies in their courses. Depending on the university, recognition for ULAs range from course credit to financial stipends. In addition to the support ULAs offer instructors, studies indicate that learning-assistant programs have several benefits, such as improved learning outcomes and knowledge retention for students who take courses with ULAs compared with students who take parallel courses without ULAs; reduced DFW rates in courses that have ULAs; and, after being a ULA, students have equivalent knowledge to graduate students in the field. 29 Undergraduates can also be employed to facilitate peer-led team learning (PLTL). PLTL groups typically consist of six to eight undergraduate students who work together to solve problems and are facilitated by a peer leader. Peer leaders are undergraduate students who have previously taken and performed well in the course. PLTL is designed to help students become conscious of the problem-solving process. It also helps students develop important collaboration skills, including how to approach problems effectively as a group, how to communicate well, and how to exchange and critique ideas in a collaborative environment. Peer leader training is an important component of the program. Peer leaders often are enrolled in courses to learn how to be mentors for their groups; they form a collaborative group of their own to help one another address common PLTL challenges. 30 Employing collaborative active learning techniques in the classroom is an important strategy for achieving student engagement and for enhancing learning. Numerous studies provide significant evidence that engagement is critical to student success. In collaborative and flexible learning spaces, faculty members are using innovative teaching and learning strategies that promote higher-order thinking skills that lead to better understanding and improved ability to transfer knowledge to other applications. These rooms are often an important catalyst for faculty members to redesign courses and are cited by students as providing more inclusive learning environments. 31 Implementing practices to value, evaluate, and reward teaching effectiveness. College and university efforts to improve undergraduate teaching and learning require the recognition of faculty who use teaching practices shown to support student learning. Despite decades of scholarship to develop rich, multisource systems for evaluating teaching, these methods have not been broadly implemented into or recognized within faculty reward systems. 32 Many departments, colleges, and institutions are now developing innovative efforts to support the implementation of higher-quality approaches to teaching evaluation.
Evidence shows that stated policies about teaching alone do not strongly influence faculty behavior, much less encourage academic culture to more highly value teaching. A richer, more complete assessment of teaching quality and effectiveness for tenure, promotion, and merit is necessary for systemic improvement of undergraduate education. 33 Several institutions have adopted strategies to create an environment in which the continuous improvement of teaching is valued, assessed, and rewarded at various stages of a faculty member's career, and is aligned across the department, college, and university levels. The AAU has developed a matrix to map the landscape of efforts working to improve policy and practices related to the evaluation of faculty work. 34 Staff at some centers for teaching and learning are developing frameworks and rubrics to provide a more comprehensive view of faculty teaching. These tools are often designed to structure departmental evaluation of faculty members' teaching with defined expectations and dimensions of effective teaching practice. At other institutions, in partnership with centers for teaching and learning, departments are using a variety of tools (such as the Classroom Observation Protocol for Undergraduate STEM and the Decibel Analysis for Research in Teaching) to help conduct more effective observations of faculty teaching. 35 In some instances, a radical revision of teaching observations is underway. As an example, some faculty members observe classes taught by others with evidence-based instruction. Instead of evaluating that instructor's performance, they write a self-reflection on their own teaching to include in annual reviews. Faculty senates are also leading efforts to reconsider the institutional process for the evaluation of teaching.
Developing productive partnerships between academic departments and units dedicated to educational effectiveness. Across the AAU, a variety of institutional structures exist to support faculty members in improving the quality and effectiveness of teaching and learning. The AAU has recognized that when academic departments develop productive working partnerships with units dedicated to educational effectiveness, it results in change at scale.
This reflects a core principle that the ultimate responsibility for teaching quality lies with the department, especially the department chair. This effect occurs through three main mechanisms: determining the curriculum (typically developed by a faculty committee and enforced by the chair), making teaching assignments, and evaluating faculty teaching. Many institutions have recognized the interdependence of support units and departments in improving teaching and learning. They are elevating and reorganizing the traditional teaching center into a full division or more closely aligning it with university leadership, oftentimes an associate provost responsible for teaching innovation or excellence with a direct reporting line to the provost. By expanding and more centrally locating these teaching responsibilities at higher levels within the university, the institution can make its expectations for teaching more explicit to academic units. More centralized leadership provides the necessary scaffolding for individual faculty members who wish to incorporate evidence-based teaching approaches into their course or department-level projects that promote student learning, create inclusive classrooms, and retain highly qualified students. Individual faculty members are also provided assistance to design and conduct assessments to evaluate curricular innovations as well as determine the impact of pedagogical changes on student learning. In this new light, centers for teaching and learning can bridge instructional teams (faculty, graduate students, undergraduates, and postdocs) and experts in assessment, technology, pedagogy, and student support. Increasingly, these support units provide department chairs with a suite of necessary information to generate appropriate conversations and reflection on teaching and teaching quality.
Finally, these more visible and institution-wide units are better positioned to compete for extramural grant funds to facilitate course transformation, teaching development efforts, and cultural change across the institution around teaching. In some instances, more visible centers for teaching Achieving Sustained Improvement in the Quality of Undergraduate STEM Education and learning have helped departments to submit proposals and receive grant funding from the institution to encourage and facilitate high-impact learning practices, technology-enhanced learning, and a culture of educational excellence at the department and college levels.
Using data to inform and assess curricular innovations. Research universities can facilitate STEM education improvement by supporting the development and use of institution-wide data and analytical tools on student instruction and learning outcomes. It is critical that data collected by the institution are compiled and shared with departments in ways that help them and their faculty members to enhance continually the quality of their STEM instruction. Central to the successful use of data analytics is to distinguish between the types of data useful for individual faculty members designing and assessing their courses and the types of data that can be used to inform departmental decision-making. For example, information about incoming student backgrounds, demographics, and past performance (such as SAT scores); pre-and post-tests to assess student understanding of core concepts; data from various course observation protocols; and data provided by student evaluations and assessments can be helpful to individual faculty members. Data regarding student performance in subsequent courses, DFW rates over multiple semesters, and data that enable comparisons across various sections of a class can be useful to the department. The ease and efficiency of the use of data are also important factors in broad acceptance of teaching-related metrics. Last and most important, data must be seen as part of the policy-and decision-making process. Among the more important lessons learned on the use of data in educational reform are that actionable and supported strategies based on data analytics must be developed within academic units.
Several AAU institutions are developing analytical tools to examine student demographics, student preparation, student performance, student choice, curricular complexity, instructional resources, and student learning. The aim is to foster a cycle of progress in which faculty members and administrators move from awareness and understanding to a continuous cycle of action and reflection.
Creating new business models. Systemic improvement of undergraduate STEM education at research universities should not be done from one grant to the next. Although this is an acceptable approach for supporting research, it is not appropriate for the institutional instructional mission. Symbolically and practically, establishing and maintaining lasting business models and organizational structures that support STEM educational reform are required elements for eventual institutionalization. Systemic changes in undergraduate STEM education require long-term administrative financial support.
Mary Sue Coleman, Tobin L. Smith & Emily R. Miller
Institutionalization of reform efforts will frequently require funds for personnel, infrastructure, and space. In the past, institutions have not fully taken advantage of the fundraising potential that exists around efforts to improve the quality of their STEM teaching. However, more and more institutions are finding that donors are inspired by these new teaching practices and learning environments and will provide funds to support these efforts.
Likewise, new funds are needed to support embedding high-level, teachingoriented faculty with deep disciplinary expertise within departments. Universities have for many years sought funds to endow research chairs within departments. These chairs often have been funded by industry or industrial leaders. Endowed chairs can provide more space and recognition for faculty wanting to devote time to helping their departments improve the quality of their teaching. Institutions and departments would be wise to capitalize on this growing interest by endowing education-oriented chairs within their departments and providing these faculty with the resources needed to enhance and improve teaching in their departments. At the same time, industry would be wise to seek to support such endowed chairs to help ensure a well-trained STEM workforce in disciplines critical to their continued success. W hile the AAU is working to help universities advance these critical catalysts necessary for systemic change in undergraduate STEM education and to leverage the influence of peer institutions, challenges remain.
First, institutions and departments need to find ways to better value the contributions of individuals (such as teaching professionals and teaching faculty) working to achieve the university's educational mission. The AAU has observed at research universities a significant challenge in recognizing the academic unit as a team of faculty members all making contributions to undergraduate education. In addition, the value of activities to improve undergraduate education, particularly the more invisible elements of teaching (such as course or curriculum redesign and assessment), is weighted differently across and within institutions. And as faculty members work to demonstrate effectiveness in research, teaching, and service as part of the promotion and tenure process, it is often unclear where to discuss this work. The AAU has found differing opinions by deans and department chairs within universities on this topic. Some consider efforts such as collaborating with faculty colleagues on a curriculum design as a service role or as part of committee work. Others consider this task a core element of teaching. This ambiguity can make it difficult to reward faculty for making key contributions to the full range of departmental educational objectives. For faculty members hired to provide pedagogical, discipline-based expertise with long-term contracts and the opportunity for professional advancement, there is considerable debate about teaching loads, research expectations, how contributions to improving courses or mentoring faculty members in evidence-based pedagogy are counted in annual review, as well as policies about their rights to participate in department governance and service committees. The AAU has observed that departments are relying on these faculty members to make significant educational improvements to foundational introductory courses but have not figured out how to provide these faculty members voice in departmental governance or how to give faculty members credit for their teaching and educational leadership contributions. This growing tension must be addressed.
Second, for sustainable undergraduate STEM education reform, departments will need to create environments to support the interactions necessary to build trust and respect among the whole team of faculty members and address some of the critical barriers to undergraduate education improvement. A recent study by higher education scholar Adrianna Kezar examined the role of the AAU in scaling improvements in undergraduate STEM education. 36 The study found that through in-person convenings of faculty members and campus leaders, the AAU has facilitated a community of change leaders by creating an environment in which they can share challenges, learn from peers in similar institutional contexts, and provide multiple dimensions of support to one other. Moreover, the AAU has found that the in-person component of networking is important. Even in our technological age, physical proximity matters for collaboration: productive collaborations are driven by face-to-face interactions in shared spaces. 37 Networks are central to facilitating and scaling change since they provide the emotional support and sense of community necessary for participants to feel that they can safely take risks and experiment together.
Third, there is the challenge of expanding beyond STEM. Effective teaching and learning and creating inclusive and welcoming classroom environments are critical not just in STEM but for all disciplines. The AAU is pleased that member institutions are expanding their efforts to include the full range of disciplines represented on their campuses. The AAU has found such efforts in the social and behavioral science courses that enroll a large number of students as well as in foundational or general education curriculums. In these spaces and in the humanities, there is growing recognition that these courses are also important for student learning and for departmental budgets; they account for a significant amount of credit hours and tuition every term. Such courses are also very difficult to teach, enrolling students from a wide variety Finally, institutions must commit to a cycle of continuous improvement. At the national policy level, we have begun to see a more coordinated effort to improve undergraduate education across relevant organizations and actors. 38 We have observed a shift away from isolated directives within individual disciplines and nationally funded efforts that do not require long-lasting reforms within academic institutions. Today, many funders are designing solicitations with expectations for projects to build and sustain institutional change. 39 At the institutional level, universities are designing institutional structures and committing to leadership roles necessary to support the diverse, complex pathways students take to earn degrees, as well as ensure effective teaching for the growing diversity of learners. 40 Universities are also engaging in a reflective practice of assessing institutional improvement efforts in teaching and learning and then adjusting practice at multiple levels of the university. Ultimately, effective undergraduate education will require a sustained institutional commitment to a continuous cycle of improvement. The AAU will continue to work to promote the use of evidence-based teaching practices and drive systemic change to improve the quality of undergraduate education at research universities. 
